Hefei Doppler radar observation data over the downstream region of the Yangtze River during the Meiyu period from 2001 to 2003, were analyzed in order to reveal the predominant structural characteristics of meso-b-scale convective systems (MbCSs) around the Meiyu front. Convective and stratiform portions were separated from MbCSs using the bright-band fraction (BBF) method. The daily and yearly mean vertical profiles of radar reflectivity for the convective portion were calculated.
Introduction
The rainy season from June to July over East Asia is referred to as Meiyu in China and Baiu in Japan. During this period, a belt of rainfall area, which extends eastward from the east of the Tibetan plateau to the Japan Islands, is called the Meiyu front in China, and the Baiu front in Japan. The intense precipitation around the Meiyu/Baiu front is usually associated with meso-b-scale convective systems (MbCSs), embedded in a meso-a-scale disturbance (Ninomiya and Akiyama 1992) . The persistent activity of MbCSs frequently brings about localized heavy rainfall, resulting in severe disasters, such as flash floods and landslides over continental China and Japan.
Because of their great affect upon social activities and life security, MbCSs have been studied in the past decades. Previous observational studies of MbCSs around the Meiyu/ Baiu front, have focused on the importance of deep convection (DC). Many studies have documented the importance of downdrafts in the lower troposphere for the maintenance of DC over western Japan (Akaeda et al. 1991; Ishihara et al. 1995; Takahashi et al. 1996) . On the other hand, Geng et al. (2004) reported that the horizontal wind convergence, enhanced by the northeasterly inflow around an altitude of 4 km, was important for the formation of an intense rainband along the surface front over the Yangtze River basin, China. In contrast to Geng et al. (2004) , Yamada et al. (2003) emphasized that the convergence of the southwesterly, and relatively cold easterly flow at the low level, was responsible for the formation of DC east of the depression over the coast of continental China, although the formation mechanisms of convection along the Meiyu front west of the depression were similar to those of Ishihara et al. (1995) and Takahashi et al. (1996) .
Recently, the importance of relatively low echo-top convection over continental China was reported by Maesaka (2001) . He analyzed the characteristics of an MbCS, in which the warm rain process predominated over the Huaihe River basin, China. The structure of this MbCS shows that the echo top heights of convective cells were about 8 km. These convective cells could bring about a considerable amount of rainfall, since intense reflectivity appear at the low level. The structural characteristics of MbCSs, with a relatively low echo top, have been hardly studied, although a few case studies have been conducted on the structures of DC observed over the east part of continental China.
Abundant radar observations are necessary for a comprehensive understanding of the structure of MbCSs. Such observations were carried out over the downstream region of the Yangtze River, during the Meiyu periods in [2001] [2002] [2003] . Since the Meiyu front usually stagnates in the radar detection range, observations are obtained quantitatively enough to statistically study the features of MbCSs over the east part of continental China.
The purpose of this study is to statistically analyze the predominant structural characteristics of MbCSs observed around the Meiyu front, consisting of both DC and the convection with a relatively low echo top, by using the above-mentioned radar observations. Moreover, the relationship between the structures of MbCSs, and the surrounding environment is examined.
Data utilized and method of analysis

Data utilized
The Institute of Observational Research for Global Change (IORGC), and the Chinese Academy of Meteorological Science (CAMS), conducted a joint observational experiment in the downstream region of the Yangtze River during the Meiyu periods in 2001, 2002 and 2003 , in which an S-band Doppler radar was operated at Hefei. The S-band Hefei Doppler radar is located between the Huaihe and Yangtze Rivers (Fig. 1) ; the area detected by the radar is geographically characterized as a plain, except for a mountain area more than 100 km southwest of Hefei. During this intense observation period, the Hefei radar operated only while the Meiyu front approached, or formed within the radar's detection range (150 km in radius). The yearly observation days varied from 8 to 12 days for 3 years. Threedimensional scanning of the Hefei radar data, with 14 elevation steps from 0.3 to 19.5 , was performed at 5-or 6-minute intervals. The data utilized in this study were re-edited by discarding poor-quality volume scans and deleting clutter. It was then interpolated into Cartesian coordinates, with 1-km grid spacing in horizontal and vertical directions within a 150-km radius, to examine the overall movement of MbCSs. To investigate the detailed structure of MbCSs, grid spacing of 1 km in a horizontal direction and 0.5 km in a vertical direction within a 60-km radius was used. The precipitation area, defined as an area with reflectivity greater than, or equal to, 15 dBZ at a height of 3 km to exclude convection cells whose echo top height is less than 3 km, was analyzed only for the radar range from 20 km to 60 km, to avoid the truncation of echo tops for a short range and the decrease of vertical resolution with distance for a long range.
Sounding data observed twice daily at Nanjing, regional objective analysis data (RANAL, provided by the Japan meteorological agency), and surface weather charts were used to analyze the environmental conditions.
To examine the structures of MbCSs, the criteria for the radar detection range were set as follows: 1) a distinct group of echoes or continuous area of 30 dBZ, in a radar range of 80-150 km for at least 2 consecutive hours, and 2) that of the maximum reflectivity exceeding 30 dBZ, existing in a radar range of 60 km for at least one hour. However, MbCSs whose maximum reflectivity is located out of a radar range of 60 km, are excluded for the examination. Selected cases are listed in Table 1 .
Position of the surface front
The Position of the Meiyu front (hereafter, the surface front corresponds to the Meiyu front) can be obtained from a surface weather chart, updated every 6 hours. However, in this study, since the position of the front is necessary to identify that of MbCSs relative to the front for the other times when a surface weather map is not available, it is determined by the maximum convergence line at the lowest elevation that is analyzed using Doppler radar radial velocity data, with high temporal resolution (Uyeda and Zrnic 1988) .
To ascertain the accuracy of the abovementioned determination, the relationship between the positions of the front, determined from a surface weather map, and the maximum convergence line, analyzed by Doppler radar was examined. An example of the position of the front and the radial divergence field at the lowest elevation is shown in Fig. 2 . The maxi- mum convergence line coincides well with the position of the front (the thick solid line). This shows that the location of the front can be successfully determined by the above-mentioned method. Following this method, the position of the front is determined every hour.
2.3 Property of precipitation classified by using the BBF method To statistically investigate the structural characteristics of MbCSs, the convective portion from the precipitation area is separated by the BBF (bright-band fraction) method (Rosenfeld et al. 1995) . The BBF method can identify stratiform, convective, and transition precipitation from the vertical structure of the radar echoes.
To estimate BBFs, an air column, with a height of 12 km and a square bottom of 9 km 2 , is defined as the calculating unit (Fig. 3) . A thin air layer with a 0 C level was set to examine the existence of a bright band. The thickness of this layer is set to 2 km, because it is enough to identify the relatively low echo top convection in this study. For distinguishing the convective portion from the precipitation area, a BBF was defined as the ratio of the grid points with intensive reflectivity in a 2-km-thick layer with a 0 C level relative to those in the whole air column. Therefore, since a large BBF means that regions with intensive reflectivity concentrate around a 0 C level, it shows the existence of a bright band that is the major feature of the stratiform precipitation. On the other hand, a small BBF implies the convective precipitation. A medium value of BBF is obtained for the precipitation, with both convective and stratiform properties, and such precipitation is referred to as transitional. Details of calculation procedures can be found in Chen et al. (2003) . In this study, the precipitation area is categorized into convective area for BBF < 0.4, transitional area for 0.4 < BBF < 0.6, and stratiform area for BBF > 0.6, by following previous studies (Rosenfeld et al. 1995; Chen et al. 2003) .
3. Structural characteristics of convective systems 3.1 Characteristics of the yearly and daily mean vertical profiles of reflectivity for convective systems In this section, the mean vertical profile of MbCSs, analyzed with the radar data that was observed in the downstream region of the Yangtze River during the Meiyu periods from 2001 to 2003 is examined. The vertical profiles of radar reflectivity for the convective, stratiform, and transition portions, separated with the BBF method, were averaged daily. The cases in which radar data is not available for longer than one consecutive hour were excluded from the average. Such vertical profiles are also averaged yearly during the Meiyu periods in 2001-2003. The yearly mean vertical profile of radar reflectivity for the convective and stratiform portions is shown in Fig. 4 . The height with the reflectivity of 15-dBZ, defined as an echo top height in this study, is found below 8 km for all years. The peaks of reflectivity for the convective portion, are located around a height of 3 km, and the reflectivity decreases rapidly with height. These profiles are comparable with those observed in the Taiwan Area Mesoscale Experiment (TAMEX) over the ocean. However, these features are considerably different from those of continental thunderstorms observed in North America, in which the radar reflectivity is constant vertically, or its maximum is found near a height of 7 km (Donaldson 1960) . These facts indicate that the convective activities around the Meiyu front are relatively weak. The yearly mean vertical profiles of radar reflectivity for the stratiform portion (Fig. 4) show that the peaks of reflectivity are located around the melting level (@ 5 km). This suggests the existence of a bright band. The vertical profiles of radar reflectivity, for the transition portion, is just between those for the convective and stratiform portions (not shown).
The daily variation of the above-mentioned aspects found in the convective portion is exam- ined. The daily mean vertical profile of reflectivity for the convective portion is shown in Fig. 5 . The height of the reflectivity peak (solid line) appears below 3.5 km. Moreover, the echo top height, with the reflectivity of 15 dBZ, is usually found below 8 km. These results indicate that the height of the predominant convection around the Meiyu front is low.
Detailed characteristics of convection
As described in the previous section, MbCSs around the Meiyu front are characterized by low altitudes of both the reflectivity peak, and the echo top. The structure of MbCSs with such features, observed on the day shown by an arrow in Fig. 5 , is examined.
From 04 UTC to 09 UTC 22 July 2002, an MbCS formed and stagnated for 5 hours over the Huaihe River basin. When it was in the mature stage, it associated with one intense rainband (reflectivity band) north of the Hefei radar, and relatively weak radar-echo, that extended over the southern part of the radar domain (Fig. 6 ). At a 2-km level, five cells (C1, C2, C3, C4, and C5 in Fig. 6a ) are clearly identified. These cells are also found at 3 km and 5-km levels (Figs. 6b and 6c), while no cell is found at a 8-km level (Fig. 6d) . The movements of five cells at the 2-km level are tracked from 0420 UTC to 0515 UTC 22 July 2002 (Fig. 7) . They aligned from the east to the west in the rainband, and their lifetime ranged from 20 minutes to 55 minutes. Since the cell of C4 is strongest among them, its vertical profile of radar reflectivity is examined here. The center of C4 is determined by the point of the maximum reflectivity at a 3-km level, and then the reflectivity within a 2 km Â 2 km box, centered at this point is averaged for each vertical level. The time-height cross section of the averaged reflectivity for the C4 is shown in Fig. 8 . The maximum reflectivity is found around a height of 2 km, and the echo top height is less than 8 km. Since these features are also seen in other cases during the Meiyu period (Trier et al. 1990; Jou and Deng 1998; Maesaka 2001) , they are one of the significant and common features around the Meiyu front.
To investigate the characteristics of convection, with a relatively low echo top (a 8 km), the concept of a convection of medium depth (CMD) is proposed on the basis of the abovementioned results. The CMD is defined as a group of convective cells whose echo top height, with the reflectivity of 15 dBZ, is equal to or less than 8 km, and in which the reflectivity peak is below 4 km throughout their lifetime. It should be noted that the convective cell with an echo top height less than 3 km was excluded in this study. By combining the BBF method, and the concept of the CMD, the deep convection (DC) and the CMD areas can be separated. The DC area is defined as the convective area that is not the CMD area.
A schematic illustration of the CMD, and the DC is shown in Fig. 9 . The melting level, located around a height of 5 km, is marked by the dotted line. The altitude of the maximum radar reflectivity, and the echo top for the CMD, are around 4 km and 8 km, respectively. Meanwhile, the echo-top height for the DC is around 12 km. The altitude of the maximum radar reflectivity for the DC is from 0.5 to 1 km higher than that for the CMD. Most of the region with the strong reflectivity exceeding 30 dBZ for the CMD is below the melting level, and that for the DC is also found above the melting level.
An example of the distribution of different types of precipitation (DC, CMD, transition, and stratiform) at 2150 UTC 9 July 2003 is shown in Fig. 10 . In the reflectivity distribution at a 2-km level (Fig. 10a) , there is an intense rainband with the reflectivity exceeding 45 dBZ (the dashed rectangle labeled as BD). This belongs to the DC (Fig. 10b) . The area with relatively weak reflectivity extends just east of the intense rainband. This is identified as stratiform. The CMD areas, such as CMD1 and CMD2, shown in Fig. 10b , correspond to those with weak reflectivity (Fig. 10a) . The vertical cross sections of the reflectivity across CMD1 and CMD2 are show in Figs. 10c and 10d , respectively. The maximum reflectivity is located below a height of 4 km, and the height of the echo top is less than 8 km. These show the features for the CMD shown in Fig. 9. 4. Detailed structure of meso-b-scale convective systems 4.1 Classification of meso-b-scale convective system types in relation to the surface front and speed To investigate the structural characteristics of MbCSs during the Meiyu period, detailed structures of MbCSs are analyzed. Two parameters, the location of MbCSs relative to the Meiyu front and their movement speed, are used to categorize MbCSs into several types.
According to Maesaka (2001) , differences in structural characteristics between two precipitation systems, one of which formed south of the Meiyu front moving northward, and another, formed along the Meiyu front moving southward, were mainly caused by both the different distributions of humidity, and the lowlevel wind convergence around the Meiyu front. Therefore, the location of MbCSs relative to the Meiyu front, is one of the key parameters to understand the features of MbCSs. The properties of MbCSs also exhibited a significant relationship with their speed. Akaeda et al. (1991) analyzed an MbCS around the Okinawa Islands, and they pointed out that the characteristics of the MbCS in a fast-moving stage (>7 m/s) were different from those in a stationary stage. According to Barnes and Sieckman (1984) , the upward transportation of horizontal momentum near the leading edge of a fast-moving MbCS is three times larger than that in a slow-moving MbCS. Therefore, the difference in the movement speed of MbCSs causes that in the upward transportation of horizontal momentum. This transportation could determine the intensity and duration of the MbCS. These facts suggest that the movement speed of MbCSs is also an important parameter for understanding the features of MbCSs.
According to the location of MbCSs relative to the Meiyu front, MbCSs are categorized as a south-of-front type for the case that the major convective portion is located south of the front (9) (10) (11) (12) 14, (16) (17) (18) Table 1) , and a north-of-front type for the case that is located north of the front, and the distance from the front is greater than 80 km (No. 2 in Table 1 ). MbCSs are also categorized as an along-thefront type for the case that the major convective portion is located north of the front, and the distance from the front is less than 80 km (Nos. 1, 3, 8, 13, 15, (19) (20) (21) (22) (23) Table 1 ). The threshold of 80 km is selected, since in many cases the convective portion along the front is located 10-50 km north of the front. MbCSs sometimes extend across the front. For such cases, MbCSs are categorized as one of the above-defined three types, by using the location of the major convective portion.
The types of MbCSs relative to the location of the Meiyu front are further subdivided according to the movement speed of the convective portion. This speed is estimated by the movement distance of the major maximum reflectivity zone between two consecutive radar observations. As shown in Table 1 , the movement speed in many cases is equal to or less than 3 m s À1 , except in 4 cases (in which it exceeded 8 m s À1 ). This indicates that the movement speed of MbCSs around the Meiyu front is slow. According to the movement speed of MbCSs, they are categorized as a fast-moving convective system at a speed greater than 7 m s À1 (Nos. 8, 13, 15, and 23 in Table 1) , and a slowmoving one, at a speed less than or equal to 3 m s À1 (Nos. 1-7, 9-12, 14, and 16-22 in Table 1).
Therefore, MbCSs can be divided into 9 possible types by the location of MbCSs relative to the Meiyu front and their movement speed. However, only four types among them are found in this study: slow-moving and south-offront (hereafter, SSF, (9) (10) (11) (12) 14, (16) (17) (18) Yuter and Houze 1995) was used to analyze the vertical structure of radar reflectivity for the convective, CMD, and stratiform portions of each of four types of MbCSs. The CFAD used in this study shows the appearance frequency for radar reflectivity to height. The radar-estimated rainfall amount, and averaged-precipitation areas of the stratiform, convective, CMD, and transition portions were calculated to reveal the contribution of the DC and the CMD to rainfall amount around the Meiyu front.
The equation proposed by Fujiwara (1965) was applied to the calculation of radarestimated rainfall amount as, Z ¼ 300R 1:37 for convective precipitation; and Z ¼ 205R 1:48 for stratiform precipitation and transition precipitation; where Z is an effective reflectivity factor and R is a precipitation rate. Figure 12 shows the mean vertical profiles of radar reflectivity (thick solid lines) and the CFADs (shades) for the convective and CMD portions in the SSF and SAF types, averaged during the Meiyu periods in [2001] [2002] [2003] . In this study, the convective portion is composed of those of the DC and the CMD. For the computation of the profiles of reflectivity and the CFADs, vertical levels in which the number of data points is less than 20% of those in the level of most numerous points are excluded.
In the SSF type, the maximum radar reflectivity for the convective portion is located around a height of 3 km, while the echo top level, with the reflectivity of 15 dBZ, is located below 8 km. In comparison with the case of thunderstorms in the mid-latitude of the United States (@ 7 km, Donaldson 1960), the maximum radar reflectivity in the SSF type is considerably located lower. This suggests that the DC is not predominant in the SSF type. The shapes of the mean vertical profile of reflectivity, and the CFAD for the CMD portion are very similar to those in the convective portion, although the height of reflectivity peak for the CMD portion is a little lower than that in the convective portion. The vertical reflectivity gradient, in the layer with a 3 km depth above the melting level in the SSF type, was 4.6 dB km À1 . This is considerably larger than 1.5 dB km À1 in the DC (Zipser and Lutz 1994) . This suggests the large number of hydrometeors is concentrated at the lower level in the SSF type. These results imply that the convective portion in the SSF type is mainly composed of the CMD.
For the SAF type, in the convective potion the intensity of the mean vertical profile of radar reflectivity is somewhat stronger at all levels, and the CFAD is shifted upward in comparison with the CMD portion. However, the maximum reflectivity for both the convective and CMD portions is located at the lower level.
The vertical reflectivity gradient in the layer with a 3-km depth above the melting level is 5.3 dB km À1 . This suggests that the intense reflectivity is confined below the melting level, like the SSF type. The echo top is located below a height of 8 km. Therefore, the CMD and the DC coexist in the SAF type.
The mean vertical profiles of radar reflectivity, and the CFADs for the convective and CMD portions in the FAF and SNF types are shown in Fig. 13 . In the FAF type, the intensity of reflectivity is the strongest among those four types. The maximum appearance rate of reflectivity exceeding 15 dB is located around a height of 7 km, while those in the other types is around a height of 3 km. The intensity of reflectivity for the CMD portion is smaller than that in the convective portion. Therefore, the convective portion is almost composed of the DC. For the SNF type, the mean vertical profile of reflectivity, and the CFAD for the convective and CMD portions are very similar. The vertical reflectivity gradient in the layer with a 3-km depth above the melting level is 4.3 dB km À1 , and the reflectivity peak is located at a low altitude. These suggest that the convective portion is primarily composed of the CMD.
From the above, the vertical profiles of radar reflectivity for the convective portion in four types of MbCSs is characterized by the large decrease of reflectivity in the layer with a 3-km depth above the melting level, and the low altitude of reflectivity peak (<4 km). It should be noted that the profile of reflectivity in the SNF type decreases rapidly below a height of 2 km, while those in the other types hardly change. The CFADs in the 4 types, indicate that the top of reflectivity of 30 dBZ in the CMD is below the melting level, while that in the DC is above the melting level. The mean vertical profiles of reflectivity for the convective and CMD portions in 4 types imply that the height of reflectivity peak in the CMD is a little lower than that in the DC. This agrees with the yearly mean vertical profiles of reflectivity (Fig. 4) , and a vertical profile of reflectivity in an individual CMD (Fig. 8) .
To quantitatively estimate the contribution of the CMD to the rainfall amount, the averaged area of precipitation, and the corresponding estimated rainfall within 60 km radar for each type of MbCSs (shown in Table 2) were calculated. The convective rainfall amount for the SSF, SAF, FAF and SNF types respectively accounts for 49%, 50%, 40% and 25% of the total rainfall amount, while those in the stratiform (transition) portion respectively accounts for 29%, 32%, 44% and 45% (22%, 18%, 16% and 30%) of the total rainfall amount. The ratio of rainfall amount in the transition portion is the smallest among three types of precipitation (stratiform, transition, and convective), except for the SNF type. In comparison with the convective portion, the ratio of rainfall amount in the stratiform potion is smaller in the SSF and SAF types, but larger in the SNF type, and comparable in the FAF type. The accumulated convective rainfall amounts in the SSF, SAF, FAF and SNF types are respectively 190, 115.2, 200.4, 3.2 (10 8 kg) during the Meiyu periods in [2001] [2002] [2003] , and the corresponding accumulated rainfall amounts in the CMD portion are respectively 91.2, 18.0, 6.0 and 2.6 (10 8 kg). Therefore, the contribution of the CMD to the rainfall amount in SSF is large, and that in the SAF type is un-negligible, whereas the contribution in the FAF and SNF type is negligible. Since the convective rainfall amount accounts for a considerable amount of the total rainfall around the Meiyu front, the convective rainfall is focused on hereafter.
In the SSF type, over 42% of the precipitation area and 49% of the estimated rainfall are convective, and 51% of the convective area and 49% of the estimated convective rainfall are produced by the CMD. Therefore, the CMD dominated in the SSF type. In the SAF type, 43% of the precipitation area and 50% of the total estimated rainfall are convective, and 34% of the convective area and 16% of the estimated convective rainfall are produced by the CMD. These indicate that both the CMD and the DC coexist in the SAF type. In the FAF type, 32% of the precipitation area and 40% of the total estimated rainfall are convective, and only 10% of the convective area and 3% of the estimated convective rainfall are produced by the CMD. This suggests that the DC dominated in the FAF type. In the SNF type, 23% of the precipitation area and 25% of the total estimated rainfall are convective, and 62% of the convective area and 42% of the estimated convective rainfall are produced by the CMD. This indicates that the CMD also dominates in the SNF type.
By considering accumulated convective rainfall amounts, and ratio of CMD to convective Table 2 . Mean precipitation area, mean estimated hourly rainfall amount, fraction of the precipitation area, and fraction of the hourly rainfall amount for the stratiform, transition, convective, and convection of medium depth (CMD) portions of four types of meso-b-scale convective systems within 60 km radar range. Note: The number in parentheses in the fraction of the area and fraction of the rainfall row indicates the fraction of the CMD portion to the convective portion.
rainfall amount, the contribution of the CMD to convective rainfall amount in the SSF type is large, and that in the SAF type is un-negligible, whereas the contribution in the FAF and SNF type is negligible.
Discussion
5.1 Relationship between middle level convection and its environment As described above, the CMD dominates in SSF-type MbCSs, and both the CMD and the DC coexist in SAF-type MbCSs over the Huaihe River basin during the Meiyu periods in [2001] [2002] [2003] . The environmental conditions, such as humidity, for the formation and maintenance of convective systems around the Meiyu/Baiu front are widely investigated (e.g., Ogura et al. 1985; Jorgensen and LeMone 1989) . To understand the relationship between the environmental conditions and formation and maintenance of the CMD, two cases of the SSF-and SAF-type MbCSs, with large ratio of the CMD portion are examined: an MbCSs on 22 July 2002 (SSF-type, case No. 10 in Table 1 ) and the other on 09 July 2003 (SAF-type, case No. 20). Upper-air soundings, radar reflectivity and analyzed divergence fields, as well as the distribution of the DC and the CMD for SSF and SAF types MbCSs are shown in Figs. 14 and 15, respectively.
For the SSF type, the upper-air sounding at 00 UTC 22 July 2002 observed 4 hours before the formation of an MbCS is shown in Fig. 14a . The wind veers with height from southwest to west, and the convective available potential energy (CAPE) estimated from near the surface is 403 J Kg À1 . The convective inhibition (CIN) is small (27.8 J Kg À1 ). The lifting condensation level (LCL) is low (976 hPa), due to humid atmospheric condition. The level of free convection (LFC) is about 840 hPa, and 12 hours later it became 900 hPa (not shown). This suggests that the convection could easily develop due to the LFC dropping during this 12 hours. Figure 14b presents the divergence field of a 925-hPa level at 06 UTC 22 July 2002, depicted from the RANAL. The radar reflectivity field at a 3 km altitude is shown in Fig. 14c . The thick dashed lines in Fig. 14b and Fig. 14c indicate the location of the Meiyu front. The magnitude of convergence (Fig. 14b) , which corresponds to an intense reflectivity within the dashed rectangle in Fig. 14c , is small (<2 Â 10 À5 s À1 ). The formation and maintenance of the CMD in the SSF type could be explained thermodynamically as follows. Air parcels are easily lifted to the low altitudes of the LCL and the LFC (Fig.  14a) even by the weak wind convergence at the lower level. The level of neutral buoyancy (LNB), which is the cloud top of convective cells estimated thermodynamically, is not high (320 hPa, shown in Fig. 14a ). This LNB indicates that the CMD is predominant south of the Meiyu front. The moist low-level atmosphere, small CAPE, and weak convergence near the surface, are also seen in other SSFtype MbCSs (not shown).
For SAF type, the upper-air sounding at 12 UTC July 2003 observed 7 hours before the approach of an SAF type MbCS is shown in Fig. 15a . The environmental conditions for the region to the south of the SAF type MbCS are similar to those for the SSF type (Fig. 14a) , but the magnitude of CAPE is much smaller (23 J Kg À1 ), and the altitude of LNB is much lower (552 hPa), in comparison with those for the SSF-type. The convection south of the front was hardly observed, due to these small CAPE and low LNB. At around 19 UTC when the SAF type MbCS arrived, the wind convergence along the Meiyu front (along SAF-type MbCSs) at a 925-hPa level became strong (b 8 Â 10 À5 s À1 ), as shown in Fig. 15b . Humid and warm airs flowed from the south into the wind convergence zone, and they were lifted over the front. Then, the DC and the CMD formed along the front (Fig. 15d) . Such formation processes of the DC and the CMD are also seen in 5 cases of the SAF type. Similar features of small CAPE, moist layer at the low altitude and the low altitude of echo top are also pointed out in the previous study on SAF-type MbCSs (Trier et al. 1990) .
In comparison to SSF and SAF type MbCSs, the environment of 4 cases of FAF type MbCSs is characterized by strong wind convergence (b 8 Â 10 À5 s À1 ) near the surface, a humid atmosphere below the middle level (>80%) and a high LNB (<200 hPa). The high LNB and strong wind convergence near the surface are favorable for development and maintenance of the DC, but not for the CMD.
A common feature of environmental conditions for the above-mentioned three types is characterized by a humid atmospheric condition below the middle level. This indicates that the rainwater hardly evaporates at the low level. Under such environment, the vertical profiles of radar reflectivity are almost constant below 2 km, as shown in Figs. 12a, 12c and 13a .
In contrast to three types, in relatively dry environment of a SNF type MbCS, the CMD is Table 1 ). The upper-air sounding data (not shown) near the SNF type MbCSs observed north of the Meiyu front depicts that atmosphere is relatively dry (around 70%) between 1 to 3 km, however, it is humid below 1 km. The LFC is high (780 hPa) but the LNB is low (540 hPa). A weak wind convergence (<2 Â 10 À5 s À1 ) near the surface is found from the RANAL. The low LNB, and weak wind convergence near the surface, could cause the predominance of the CMD for the SNF type. The relatively dry atmospheric condition in the layer between 1 to 3 km for the SNF type explains the reason why the vertical profile of reflectivity decreases to the ground, as shown in Fig. 12c .
To sum up, the CMD forms in the environment of humid, low LNB and weak wind convergence near the surface. On the other hand, the DC forms in the environment of humid, high LNB and strong wind convergence near the surface. It is considered that one of the favorable conditions for formation of the CMD around the Meiyu front is low LNB, and weak wind convergence near the surface.
Structural characteristics of meso-b-scale
convective systems around the Meiyu front over the east part of continental China To reveal the predominant structure of MbCSs, we classify MbCSs of other study around the Meiyu front over the YangtzeHuaihe River basin (Maesaka 2001; Yamada et al. 2003; Geng et al. 2004 ) by using the method proposed in Section 4.2. The MbCSs that occurred in the morning of 29 June 1998 and on 2 July 1998 (Maesaka 2001) are of the SAF type, while that in the evening of 29 June 1998 is of the SSF type, and the MbCSs in Yamada et al. (2003) and Geng et al. (2004) are identified as the SAF type. In the SSF type MbCSs that occurred in the evening of 29 June 1998, the CMD dominated, while in the SAF type of the above-mentioned three cases, both the DC and the CMD were observed. It is noted that the two cases analyzed by Maesaka (2001) occurred over the Huaihe River basin, where it is north of our radar detection range, while the other two cases that were respectively analyzed by Yamada et al. (2003) and Geng et al. (2004) , occurred near the east coast of continental China, where it is to the east of our radar detection range. Taking the previous MbCSs and the MbCSs observed within our radar detection range during the 3 years into account, MbCSs over the east part of continental China are depicted in Fig. 16 . The thick solid line represents the Meiyu front, and the dashed line passing through the cloud represents the melting level. In an SSF-type MbCS, the CMD predominates south of the surface front. In the SAF type, the CMD and the DC coexist along the front. In the FAF type, the DC dominates along the front, while, in the SNF type, the CMD scatters over the north of the front.
Coexistence of the CMD and the DC around the front in the east part of continental China leads to speculation that coexistence of the CMD and the DC is also adequate to South China Sea, East China Sea and the Japan Islands, in the place where the environmental conditions are similar to those around the Meiyu front over the east part of continental China. This speculation is supported by results of a statistical study with objective analysis data by Kato and Hayashi (2005) . They pointed out that the coexistence of high cloud-top cumulus (corresponds to the DC), and relatively low cloud-top cumulus (correspond to the CMD) around the Meiyu/Baiu front is the unique characteristic found around the Meiyu/Baiu front.
Our study shows that the CMD frequently develops to the south of the front, along the front and to the north of the front, both the CMD and the DC coexist around the Meiyu front. Therefore, the CMD has one of the main structures of the Meiyu frontal convective precipitation systems. were analyzed in order to reveal the predominant structural characteristics of meso-b-scale convective systems (MbCSs) around the Meiyu front. Convective and stratiform portions of MbCSs were separated by using the brightband fraction (BBF) method. Both the daily and yearly mean vertical profiles of radar reflectivity for the convective portion identified by the BBF method exhibited remarkable features of a low altitude of reflectivity peak (around 3 km), and a large decrease of reflectivity with height above the melting level (5.3 dB km À1 ). This indicates that precipitation mainly formed below the melting level during the Meiyu period.
Summary and conclusions
Hefei
To understand the characteristics of the convection around the Meiyu front, MbCSs observed there were analyzed. The results confirmed that a number of convective cells, with a low altitude of reflectivity peak (a 3 km), and a relatively low echo top height (a 8 km) existed around the Meiyu front. A concept of the convection of medium depth (CMD) is proposed. The CMD is defined as a group of convective cells whose echo top height, with the reflectivity of 15 dBZ is equal to or less than 8 km, and in which the reflectivity peak is below 4 km throughout their lifetime.
To investigate the structural characteristics of MbCSs around the Meiyu front, MbCSs were categorized into four types; slow-moving (a 3 m s À1 ) and south-of-front (SSF) type, slow-moving and along-the-front (SAF) type, fast-moving (b 7 m s À1 ) and along-the-front (FAF) type, and slow-moving and north-of-front (SNF) type, according to their movement speed and their locations relative to the Meiyu front. The contribution of the CMD to convective rainfall amount for four types of MbCSs was examined. This contribution in the SSF type is large, and those in SAF types are un-negligible, whereas the contribution in the FAF and SNF type is negligible.
To investigate the formation and maintenance of the CMD, environmental conditions under which the SSF-type and SAF-type MbCSs formed were analyzed. In the SSF type, they were characterized by a small CAPE, a low LFC, a low LNB, and a weak wind convergence (a 2 Â 10 À5 s À1 ) near the surface. These small CAPE and low LFC were computed from a humid atmospheric condition below the middle level around the Meiyu front. The CMD dominated in the SSF type, because the LNB was considerably lower (@ 320 hPa) than that in the deep convection (DC). The environmental conditions south of SAF-type MbCSs were similar to those for the SSF type. A relatively strong wind convergence (b 8 Â 10 À5 s À1 ) zone near the surface coincided with SAF-type MbCSs observed along the front. Humid and warm airs flowed from the south into this convergence zone, and they were lifted over the front. Therefore, the DC and the CMD coexisted in the SAF type.
The environmental conditions for the FAF type were characterized by a high LNB, a strong wind convergence near the surface and humid atmosphere below middle level. Therefore, the DC dominated in the FAF type. The CMD dominated in the SNF type under the environment conditions of a weak wind convergence near the surface, a low LNB and humid atmosphere below 1 km.
The environmental conditions for the formation and maintenance of the CMD are primarily characterized by a low LNB, a weak wind convergence near the surface, and humid atmosphere below the middle level. Considering the favorable environment for the formation of CMD and large contribution of CMD to convective rainfall amount of the major precipitation system types, this study concludes that the CMD has one of the main structures of the Meiyu frontal convective precipitation systems.
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